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The results of the study of removal of nonylphenol, octylphenol and their ethoxyl-
ates from real industrial and municipal wastewater are presented. Industrial wastewater 
was pre-treated by coagulation with FeCl3 and adsorption on zeolite, before discharging 
into municipal sewer system. Their removal efficiencies in primary sedimentation tank of 
municipal WWTP were very low. From the practical point of view, the highest and the 
most significant removal efficiencies within the whole WWTP were observed for nonyl-
phenol and nonylphenol ethoxylates. Dominancy of abiotic mechanisms of alkylphenols 
removal follows from adsorption measurements. Activated sludge cultivated in lab-scale 
extended aeration tank accounted for relatively high adsorption affinity to these sub-
stances. Activated sludge sampled from municipal wastewater treatment plant (MWWTP) 
receiving industrial wastewater containing alkylphenols accounted for very low adsorp-
tion affinity to these pollutants. Significantly higher removal efficiency of octylphenol 
ethoxylates was observed with the O3/granular active carbon (GAC) process compared to 
the ozonation process alone. Lower toxicity impact of intermediates and products of 
ozonation treatment on Vibrio fischeri was measured in comparison to the O3/GAC pro-
cess. Actually, the municipal WWTP effluent discharge concentration values complies 
with EQS values, including nonylphenols.
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Introduction
Alkylphenols (APs) are used as antioxidants 
and plasticizers, and also in the production of alkyl-
phenol ethoxylates (APEOs). Approximately 80 % 
of all APEOs production is released to the market as 
nonylphenol ethoxylates (NPEOs)1, which are wide-
ly used in the production of plastics, textiles, and 
agricultural chemicals, and in household goods such 
as detergents, paints, pesticides, and cosmetics. 
These consist of a very complex mixture of iso-
mers2. Nonylphenol is used as antioxidant, in plas-
tic additives, and mainly for synthesizing NPEOs as 
non-ionic surfactants in detergents, emulsifying 
agents, pesticide formulations, herbicides, and dis-
persing agents in the paper and pulp industry.
Nonylphenol polyethoxylates are degraded pri-
marily to the corresponding nonylphenols (NPs), 
and thus are ubiquitous in the environment. Nonyl-
phenol polyethoxylates are oxidised to NPs under 
anaerobic conditions (i.e. in sewer system, sedi-
ments and during anaerobic processes at WWTP), 
they are known to be unstable and toxic in water 
environments, and exhibit estrogenic activities3. 
Nonylphenol polyethoxylates are transformed by 
microorganisms to more toxic compounds, e.g. NP 
and NPEOs with shorter chains4. Nonylphenol and 
nonylphenyl ethoxylates are designed as priority 
hazardous substances in Water Framework Direc-
tive5 and most of their use is currently regulated by 
Directive 2003/53/EC6,7. Accordingly, a large ma-
jority of the research related to APEOs and APs de-
struction in the water environment is focused on 
NP, which enter the environment through wastewa-
ter streams with NPEOs.
Gültekin and Ince3 published an overview of 
Advanced Oxidation Processes (AOP) applied for 
the removal of endocrine disruptors from water en-
vironments. NPs often occur in wastewater as deg-
radation product of NPEOs7. The principal pathway 
for nonylphenol removal in wastewater treatment 
plants is sorption to the sludge solids8. Ning et al.9 
investigated the destruction of 4-tert-octylphenol 
(OP) and NP by direct reaction with ozone (ozono-*Corresponding author: e-mail: jan.derco@stuba.sk, tel.: +421 904 171
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lysis). They found that ozone reacts easily with both 
alkylphenols. Tertial ozonation contributed also to 
the decrease of water estrogenic activity10. The ad-
vantage of AOPs over all chemical and biological 
processes is that they are environmentally friendly.
Ozone may react with organic compounds in 
two ways: by direct reaction as molecular ozone or 
by indirect reaction through formation of secondary 
oxidants like free radical species11−13. In practice, 
both mechanisms may occur, depending on the type 
of chemical wastewater pollution. At low pH, the 
predominant reaction mechanism is the direct elec-
trophilic attack by molecular ozone14. Molecular 
ozone is a rather selective oxidant. It can react di-
rectly with certain functional groups of organic 
compounds found in water and wastewaters, such 
as unsaturated and aromatic hydrocarbons with sub-
stitutes such as hydroxyl, methyl and amine groups, 
giving rise to degradation products. Because of this 
high selectivity, many industrial wastewater treat-
ment oxidations can be performed with molecular 
ozone. On the other hand, ozone decomposes in wa-
ter to form •OH, which are stronger oxidizing 
agents than ozone itself, thus inducing so-called in-
direct ozonation. Indirect ozone oxidation is non-se-
lective and is favoured at alkaline pH conditions. 
Ozone decomposition in water can be initiated by 
the hydroxyl anion, HO-. Treatment performance is 
enhanced if ozone is combined with ultraviolet irra-
diation, hydrogen peroxide or with iron or copper 
complexes that act as catalysts, thus generating ad-
ditional •OH.
The main aim of our preliminary study was to 
investigate removal of NP, OP and their ethoxylates 
from a real industrial and municipal WW. Industrial 
wastewater dealing with these APs was pre-treated 
by coagulation with FeCl3 and adsorption on zeolite 
(ZEO), before discharging into municipal sewer 
system. Another objective of the work was to inves-
tigate an alternative WW treatment process in a 
case of extended production and related consequent 
increase of alkylphenols release. Evaluation of mu-
nicipal WWTP capacity located closest to the indus-
trial plant discharging alkylphenols, including alter-
native tertiary process treatment of municipal 
wastewater, were another goal. Biotic and abiotic 
removal processes with activated sludge, adsorption 
on granular activated carbon (GAC), ozonation and 
combined O3/GAC processes were investi gated.
Materials and methods
Fig. 1 shows the lab-scale jet loop ozonation 
equipment. The ozonation reactor was 0.08 m in di-
ameter and 1.0 m in height. Effective volume of the 
reactor was 3.5 L. External circulation of the reac-
tion mixture was maintained at 0.5 L min–1 by a 
membrane pump. The Lifetech ozone generator 
with the maximum ozone production of 5 g h–1 was 
used. Ozone was prepared from pure oxygen. Ozone 
generator was operated at 80 % of the maximum 
power. Oxygen flow 60 L h–1 and external recircula-
tion flow 50 L h–1 were maintained during ozona-
tion trials performance. The oxygen 
flow was measured by a flow meter, 
placed at the inlet of oxygen into the 
ozone generator.
The ejector represents a specific 
part of this ozonation reactor from 
the point of view of the gas-to-water 
phase transfer of ozone and the re-
action conditions. The mixture of O3 
and O2 was injected into a wastewa-
ter sample through a Venturi ejector. 
At the same time, the ejector sucked 
the mixture of O3 and O2 from the 
reactor headspace. This, together 
with external circulation, should im-
prove efficiency of ozone utilization 
in the ozonation reactor. Concentra-
tion of ozone in the gas phase at the 
inlet and outlet of the reactor was 
measured using a laboratory scale 
Life ODU 200 UV detector. The 
amount of ozone transferred from 
the gas to the liquid phase in the re-
actor during the ozonation process 





i g .  1  – Schematic diagram of the experimental apparatus
1 – oxygen, 2 – ozone generator, 3 – O2 and O3 mixture, 4 – ozone detector, 5 – ozo-
nation reactor, 6 – Venturi ejector, 7 – UV lamp, 8 – reactor tempering, 9 – pump, 10 
– external liquid recirculation, 11 – head space gas recirculation, 12 – sampler, 13 
– outlet gas mixture, 14 – bubble column for residual ozone destruction
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ance based on the inlet and outlet concentrations of 
ozone in the gas phase.
The destruction of excess ozone was performed 
in bubble column filled with a solution of potassi-
um iodide. The bubble column was 0.04 m in diam-
eter and 1.7 m in height. The effective volume of 
the bubble column was 1.0 L. The system was 
 operated in batch mode with regard to wastewater 
samples. The samples were added into a jet loop 
ozonation reactor at the beginning of the trials.
Applied analytical methods
The group of 4-nonylphenols, 4-tert-octylphe-
nol and their ethoxylates were monitored in waste-
water samples (0.5 L) using liquid-liquid ex- 
traction with 0.01 dm3 of n-hexane and HPLC 
method equipped with a column LiChrosphere with 
stationary phase C18, 12.5 cm × 4.0 mm, 5.0 mm 
and fluorescence detector (Agilent Technologies 
1200). Excitation and emission energies were set on 
232 and 310 nm. Method using gradient elution 
with two mobile phases of methanol as mobile 
phase A and acetonitrile to water = 5:95 (v/v) as 
mobile phase B according to Table 1, delivered at a 
flow rate from 0.1 to 1.0 dm3 min–1. The results 
were evaluated on external calibration with range 
0.05–0.80 mg L–1 and correlation coefficients higher 
than 0.999. Limit of detection was 0.011 mg L–1. 
The uncertainty of measurement was between 
15–18 %.
Experimental
Schematic of sampling points is shown in Fig. 
2. The measurements were performed with samples 
of the real industrial wastewater containing alkyl-
phenols. The wastewater was pre-treated by physi-
cochemical processes in industrial WWTP (sam-
pling point SP1) before discharging it into the 
public sewer system, and then fed into the munici-
pal sewage treatment plant. Further experiments 
were performed with the samples of wastewater 
from the inlet (SP2) and/outlet (SP3) of mechanical 
stage (MS), and, at the same time, at inlet of biolog-
ical stage (BS) of municipal WWTP and from the 
outlet of this WWTP (SP4).
Results and discussion
The results from two independent monitorings 
of APs behaviour at individual stages in the 
MWWTP are presented in Fig. 3 in dimensionless 
concentrations. Dimensionless concentrations are 
the concentration values of monitored variables, 
which are relative to the concentration values of in-
dividual variables measured in an influent wastewa-
ter, i.e. the values divided by the concentration val-
ues contained in the influent wastewater.
Removal efficiencies of investigated APs and 
APEOs in parallel primary sedimentation tanks 
PST_1 and PST_2 were very low.
From the practical point of view, the highest 
and the most significant removal efficiencies within 
the whole WWTP (effluent from secondary sedi-
mentation tank SST) were observed for NP (remov-
al efficiencies from 82.9 to 93.5 %) and NPEOs 
(removal efficiencies from 6.5 to 82.1 %). Removal 
efficiencies for other studied substances were lower 
than 25.0 %.
Dominancy of abiotic mechanisms of APs re-
moval follows from adsorption measurements. Acti-
vated sludge cultivated in lab-scale extended aera-
tion tank accounted for relatively high adsorption 
affinity to APs and APEOs contained in an industri-
Ta b l e  1  – Gradient of mobile phase















F i g .  2  – Schematic of sampling points
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al WW (Fig. 4). The removal efficiencies were in 
the range from 34.7 % (OP) to 94.9 % (NPEOs).
Based on the previous observations, i.e. the 
highest removal efficiencies occurred in secondary 
sedimentation tank, we performed adsorption tests 
with discharged industrial WW and activated sludge 
sampled from a MWWTP, and excess sludge sam-
pled from lab-scale model of extended aeration pro-
cess. As may be seen from Fig. 4, activated sludge 
sampled from the municipal WWTP receiving in-
dustrial WW with a content of APs accounted for 
very low adsorption affinity to these substances. 
The highest removal efficiency, 33.0 %, was ob-
served for NP. The axis on the right is valid for the 
variable labelled by arrow, i.e. for OPEX and NPEX 
in the case of Fig. 4.
On the other hand, activated sludge cultivated 
in lab-scale extended aeration tank accounted for 
relatively high adsorption affinity to alkylphenols 
(Fig. 5). The removal efficiencies were in the range 
from 34.7 % (4TOP) to 94.9 % (NPEX).
Ozone selectivity of the examined APs and 
their ethoxylates depends on a WW composition. 
Higher removal rates of APs and treatment efficien-
cies by ozone were observed in the case of industri-
al WW. The highest removal efficiencies of NP and 
NPEOs were measured during ozonation of indus-
trial WW (Fig. 6). The mean values of removal ef-
ficiency varied from 6.2 % for NPEX to 98.2 % in 
the case of OPEX. The highest removal efficiencies 
(over 98 %) were observed for OPEX. Nonylphenol 
ethoxylates showed the highest variability of the re-
moval efficiency values (3.0–92.7 %). The lowest 
and relatively stable values of treatment efficiency 
are characteristic for the 4-tert-octylphenol (10.2–
22.1 %).
Ozonation of MWWTP effluent discharge re-
sulted in low residual APs and APEOs concentra-
tions (Fig. 7). Mean values of treatment efficiencies 
in the range from 3.3 % (OPEX) to 83.2 % (OP) 
were observed during ozonation of municipal WW 
after receiving an industrial WW with APs content. 
The highest removal efficiency, 92.7 %, was ob-
served for nonylphenol ethoxylates. Similar remov-
F i g .  3  – Changes in APs content in MWWTP F i g .  4  – Adsorption of APs on excess sludge sampled at mu-
nicipal WWTP
F i g .  5  – Adsorption of APs on excess sludge from lab-scale 
extended aeration
F i g .  6  – Ozonation of an industrial WWTP effluent discharge
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al rates of OP and their ethoxylates were published 
by Ning et al.9 based on results of single component 
(NP, NPEOs). The most stable values of treatment 
efficiency are characteristic for the OP (82.2 – 84.7 
%). The lowest and relatively stable values of treat-
ment efficiency are typical for the octylphenol 
ethoxylates (0–6.5 %) and 4-nonyl phenol (10.4 – 
17.0 %).
High variability in treatment efficiency during 
ozonation of both municipal and industrial WW 
were observed when treating WW samples taken in 
different time (mean values 70.5 % for NP and 48.9 
% for NPEOs).
Significantly higher volumetric ozone con-
sumption was observed for industrial WW treatment 
in comparison with municipal WW ozonation (Fig. 
8), due to higher organic pollution.
Fig. 9 shows the time courses of removal/ 
transformation OPEX during the ozonation and 
combined O3/GAC process. From a comparison of 
these time dependencies follows higher removal/ 
transformation rate of OPEX by combined O3/GAC 
process, and in particular, about two times faster 
onset of this process compared with the very ozona-
tion. The other components were removed in the 
first 10 minutes.
Significantly higher removal efficiency of oc-
tylphenol ethoxylates was observed with the O3/
GAC process compared to the ozonation process 
alone. It can be concluded that removal of NPs from 
industrial WW before its discharging to the munici-
pal sewer system is not required. Actually, the mu-
nicipal WWTP effluent concentrations comply with 
effluent quality standard (EQS) values, including 
NPs.
Conclusion
The highest removal efficiencies of nonylphe-
nols and their ethoxylates were observed in the sec-
ondary settling tank of the municipal WWTP. The 
highest adsorption removal efficiencies of nonyl-
phenols and their ethoxylates were measured with 
the activated sludge cultivated in lab-scale bioreac-
tor operated as extended aeration. Activated sludge 
sampled at the municipal WWTP receiving industri-
al wastewater containing alkylphenols proved very 
low adsorption affinity to investigated alkylphenols. 
Higher alkylphenols removal rates and treatment ef-
ficiencies with ozone were observed in the case of 
industrial WW. However, high variability in treat-
ment efficiency during ozonation of municipal as 
well as industrial WW was observed. Higher rate of 
transformation and removal of octyphenol ethoxyl-
ates, and about a twice-faster onset of the O3/GAC 
process was observed in comparison with the very 
ozonation. The other components were removed in 
the first 10 minutes. Nonylphenol and nonylphenol 
F i g .  8  – Ozone consumption during ozonation of industrial 
and municipal WWTP effluent discharges
F i g .  7  – Ozonation of an industrial WWTP effluent discharge
F i g .  9  – Treatment of effluent from municipal WWTP by O3 
and O3/GAC
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ethoxylates residual concentrations in all analyzed 
samples of municipal WW complied with the limits 
of Environmental Quality Standards.
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